Aurantimicrobium minutum gen. nov., sp. nov., a novel ultramicrobacterium of the family Microbacteriaceae, isolated from river water ). The strain grew at 15-37 8C, with no observable growth at 10 8C or 40 8C. The pH range for growth was 7-9, with weaker growth at pH 10. Growth was impeded by the presence of NaCl at concentrations greater than 1 %. Phylogenetic analysis based on 16S rRNA gene sequences revealed that strain KNC T showed relatively high sequence similarity (97.2 %) to Alpinimonas psychrophila Cr8-25 T in the family Microbacteriaceae. However, strain KNC T formed an independent cluster with cultured, but as-yetunidentified, species and environmental clones on the phylogenetic tree. The major cellular fatty acids were anteiso-C 15 : 0 (41.0 %), iso-C 16 : 0 (21.8 %), C 16 : 0 (18.0 %) and anteiso-C 17 : 0 (12.9 %), and the major menaquinones were MK-11 (71.3 %) and MK-12 (13.6 %). The major polar lipids were phosphatidylglycerol and two unknown glycolipids. The cell-wall muramic acid acyl type was acetyl. The peptidoglycan was B-type, and contained 3-hydroxyglutamic acid, glutamic acid, aspartic acid, glycine, alanine and lysine, with the latter being the diagnostic diamino acid. The G+C content of the genome was unusually low for actinobacteria (52.1 mol%), compared with other genera in the family Microbacteriaceae. Based on the phenotypic characteristics and phylogenetic evidence, strain KNC T represents a novel species of a new genus within the family Microbacteriaceae, for which the name Aurantimicrobium minutum gen. nov., sp. nov. is proposed. The type strain of the type species is KNC T (5NBRC 105389
IP: 54.70.40.11
On: Sat, 05 Jan 2019 03:58:23 are generally used for sterile filtration to remove microorganisms from fluids, we isolated strains belonging to several novel taxa from various environments (Nakai et al., 2013 (Nakai et al., , 2014 . Here, one isolate, designated KNC T was characterized using a polyphasic approach. The results showed that strain KNC T represents a novel ultramicrobacterial lineage of the family Microbacteriaceae.
Strain KNC
T was originally isolated from the 0.2 mmfiltrate of river water collected in July 2009 from western Japan, as previously described (Nakai et al., 2013) . Briefly, river water samples were filtered through sterilized 0.2 mm filter units (three units; Advantec), which were connected serially for secured filtration. The filtrate was then aseptically inoculated into 56 R2A liquid medium (Reasoner & Geldreich, 1985) to obtain a final concentration of 16 (16 concentration: 0.5 g yeast extract, 0.5 g peptone, 0.5 g Casamino acids, 0.5 g glucose, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3 g K 2 HPO 4 and 0.05 g MgSO 4 . 7H 2 O in 1l distilled water; pH 7.2). This culture was then incubated in the dark at room temperature. The turbid culture was subsequently spread onto R2A agar medium (1.5 % agar) and incubated at room temperature. A single colony was picked and inoculated onto fresh R2A agar medium to obtain a pure strain. This procedure was repeated at least three times to ensure reliable colony purification.
For morphological and physiological characterization, strain KNC T was grown on nutrient broth, soytone, yeast extract (NSY) agar (Hahn et al., 2003) , which produced a higher cell yield than R2A agar, at 25 8C for 5 days. Cell motility was examined by light microscopy (BX50; Olympus), and morphology was inspected by fluorescence microscopy (Axio Imager; Carl Zeiss) after 4',6-diamidino-2-phenylindole (DAPI) staining, as described previously (Hahn et al., 2003) . The cell volume was calculated using the formula of Andersson et al. (1986) . A scanning electron micrograph of strain KNC T was reported in a previous study (Nakai et al., 2013) . Gram staining was carried out using a Favor G Nissui kit (Nissui). Growth at a range of temperatures (10, 15, 20, 25, 30, 37 and 40 8C) was assessed on NSY agar. Growth at various pH (pH 6-10) and NaCl concentrations (0-2 %, w/v) was also determined on NSY agar. The pH was adjusted by adding either 1M and 6M HCl or 1M and 6M NaOH prior to sterilization. Anaerobic growth was tested using a chamber with an Anaero Pack system (Mitsubishi Gas Chemical). Catalase and oxidase activities were assessed by the method of Barrow & Feltham (1993) . Physiological and biochemical characteristics and enzyme activities were tested at 25 8C using the API 20NE, API 50CH and APIZYM test strips (bioMérieux) according to the manufacturer's instructions.
Cells of strain KNC
T were short, curved (selenoid) rods (Fig. 1) , with a size of 0.7-0.860.3 mm, and a volume of 0.04-0.05 mm
3
. This cell morphology is typical of ultramicrobacteria (volume ,0.1 mm 3 ; Duda et al., 2012) . The strain was Gram-stain-positive, catalase-positive and oxidase-negative. Growth was observed at 15-37 8C, but not at 10 8C or 40 8C, and at pH 7-9, with weaker growth at pH 10. No growth occurred in the presence of more than 1 % NaCl. All API 50CH tests of acid production from carbohydrates, carried out using API 50 CHB medium, were negative. The other results of phenotypic analyses are given in the species description. The features that differentiate strain KNC T from its closest relative, Alpinimonas psychrophila Cr8-25 T , are shown in Table 1 .
Genomic DNA was extracted and purified as described by Aljanabi & Martinez (1997) . The near full-length 16S rRNA gene was amplified by PCR using a pair of universal primers, 27F (59-AGAGTTTGATCCTGGCTCAG-39) and 1541R (59-AAGGAGGTGATCCAGCC-39) (Weisburg et al., 1991) . The PCR products were cloned using the TOPO TA cloning kit (Invitrogen) according to the manufacturer's instructions. Sequencing was carried out using an ABI BigDye 3.1 sequencing kit and an automated ABI 3730XL DNA sequencer (Applied Biosystems). The 16S rRNA gene sequence (1473 bp) was compared with known sequences in the NCBI nt database using the BLAST program (Altschul et al., 1990) . After aligning the 16S rRNA gene sequence of strain KNC T with related sequences using the CLUSTAL W program (Thompson et al., 1994) , a neighbour-joining phylogenetic tree was reconstructed based on a Tamura 3-parameter model using MEGA software version 6.0 . The 16S rRNA gene sequence of strain KNC T exhibited relatively high similarity to those of A. psychrophila Cr8-25 T (GenBank/EMBL/DDBJ accession no. GU784868; 97.2 % 16S rRNA gene sequence similarity) and Klugiella xanthotipulae 44C3 T (AY372075; 96.6 %). The type strain of the most closely related species, A. psychrophila Cr8-25 T , isolated from alpine glacier cryoconite, exhibited optimal growth at 1-15 8C and no growth at 25 8C, and was determined to be a psychrophilic representative of the family Microbacteriaceae (Schumann et al., 2012) . These growth characteristics of A. psychrophila T are quite different from those of strain KNC T ( Table 1 ). The phylogenetic tree showed that strain KNC T clustered closely with A. psychrophila Cr8-25 T ( Fig. 2) . However, strain KNC T showed greater 16S rRNA gene sequence similarity (.99 %) to unidentified cultured isolates (accession nos AB278121, AB599783, AJ507461, AJ507467, AJ565412, AJ565413 and AJ630367), as reported by Hahn and other groups (Hahn et al., 2003 (Hahn et al., , 2004 Hahn & Pöckl, 2005; Watanabe et al., 2009 Watanabe et al., , 2012 , and to several environmental clones (KC253286 and KC253349). Together, these strains formed a well-supported (100 % bootstrap support) independent cluster in the phylogenetic tree ( Fig. 2) . A similar cluster, having 99 % bootstrap support, was observed in the maximum-likelihood and maximumparsimony trees (Figs S1 and S2, available in the online Supplementary Material). This cluster is known as Luna-2 (Hahn et al., 2003) or acII-D (Warnecke et al., 2004) . The Luna-2 (acII-D) lineage shows a cosmopolitan distribution in freshwater environments (Hahn & Pöckl, 2005) . To the best of our knowledge, members of the Luna-2 (acII-D) lineage, except for strain KNC T described in this study, have not been identified with validly published names.
The cellular fatty acid composition of strain KNC T was analysed using cells grown on NSY agar at 25 8C for 5 days. Cellular fatty acid methyl esters were extracted, prepared and analysed using the protocol of the Sherlock Microbial Identification System version 6.0 (MIDI). The cellular fatty acid profile was compared with the TSBA40 database (MIDI). The dominant cellular fatty acids (.1 % of the total fatty acids) of strain KNC T were anteiso-C 15 : 0 (41.0 %), iso-C 16 : 0 (21.8 %), C 16 : 0 (18.0 %), anteiso-C 17 : 0 (12.9 %), iso-C 15 : 0 (2.1 %), C 14 : 0 (1.5 %) and iso-C 14 : 0 (1.3 %). A. psychrophila Cr8-25
T contained a higher proportion of anteiso-C 15 : 0 (64.6 %) but lower proportions of C 16 : 0 (1.7 %) and anteiso-C 17 : 0 (4.4 %) than strain KNC T (Schumann et al., 2012) .
For the analyses of isoprenoid quinones, polar lipids, amino acid composition, and acyl type of the cell-wall peptidoglycan of strain KNC T , cells were harvested from NSY broth following incubation at 25 8C for 5 days. Quinone measurement by HPLC (Waters 600; Nihon Waters) was performed as described by Nishijima et al. (1997) . The major menaquinones were MK-11 (71.3 %) and MK-12 (13.6 %), and minor quinones included MK-10 (7.9 %), MK-9 (3.3 %), MK-6 (0.6 %) and an unidentified menaquinone (3.3 %). Polar lipids were extracted from freeze-dried cells by the modified method of Bligh & Dyer (1959) , as described by Minnikin et al. (1979) . Extracted lipids were then separated by two-dimensional HPTLC on silica gel 60 plates (Merck) using chloroform/methanol/water (65 : 25 : 4, by vol.) in the first dimension, and chloroform/acetic acid/methanol/ water (80 : 18 : 12 : 5, by vol.) in the second dimension. Total lipid content was detected by spraying the plates with 10 % (w/v) molybdophosphoric acid in 2-propanol and incubating at 180 8C for 20 min. Specific lipids were detected using spray reagents (a-naphthol/sulfuric acid, ninhydrin, Dittmer and Lester reagent, and periodate-Schiff) as described by Tindall et al. (2007) . The major polar lipids of strain KNC T were phosphatidylglycerol and two unknown glycolipids, while the minor polar lipids were diphosphatidylglycerol and two unknown glycolipids (Fig. S3) . Cellwall peptidoglycan was prepared from approximately 2 g wet cells by mechanical disruption with an ultrasonic oscillator (Vibra-Cell VCX130PB; Sonics & Materials) and glass beads, and was purified as described by Komagata & Suzuki (1987) . The purified peptidoglycan pellet was hydrolysed with 6 M HCl for 16 h at 100 8C. Amino acids in the cell-wall hydrolysate were determined as the phenyl isothiocyanate (Wako) derivatives by ultra-performance liquid chromatography (UPLC) (Acquity Ultra-Performance LC System; Waters). The molar ratio of the amino acids was calculated using peak areas determined by UPLC. The cell wall of strain KNC T contained 3-hydroxyglutamic acid, (Schumann et al., 2012) . Both strains were Gram-positive, non-motile, aerobic and catalase-positive. Both strains were negative for nitrate reduction, indole production, arginine dihydrolase and urease production, aesculin hydrolysis and gelatin liquefaction. Both strains were positive for esterase lipase (C8), leucine arylamidase, valine arylamidase and a-glucosidase production, but negative for lipase (C14), trypsin, chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase production. +, Positive; 2, negative; W, weakly positive. glutamic acid, aspartic acid, glycine, alanine and lysine in an approximate molar ratio of 1.6 : 0.4 : 1.0 : 2.6 : 2.0 : 0.9, respectively. The peptidoglycan type was B-type according to the classification of Schleifer & Kandler (1972) . Other amino acids such as diaminobutyric acid, homoserine and ornithine, which are found in some B-type peptidoglycans, were not detected. The composition of detected amino acids in the isolate was similar to that of Lysinimonas soli SGM3-12 T (Jang et al., 2013b) in the family Microbacteriaceae, having a B1d type with lysine as a diamino acid, although aspartic acid was characteristic of the isolate. Muramic acid acylation was analysed according to Uchida et al. (1999) , which showed the acyl type of strain KNC T was acetyl. The DNA G+C content of strain KNC T , as determined by HPLC (Tamaoka & Komagata, 1984) of deoxynucleosides (Mesbah et al., 1989 ), was 52.1 mol%. This value was lower than that of the other genera in the family Microbacteriaceae (Evtushenko & Takeuchi, 2006 ; Table 2 ), except for Rhodoluna lacicola MWH-Ta8 T (51.5 mol%; Hahn et al., 2014) . The phylum Actinobacteria is generally considered to be comprised of high-G+C Grampositive bacteria. However, the genomes of cosmopolitan freshwater actinobacteria were recently reported to have unusually low G+C contents (Kang et al., 2012; Hahn et al., 2014) . The freshwater strain KNC T also had a low DNA G+C content. The features that differentiate strain 
Compostimonas suwonensis SMC46 T (JN000316)
Mycetocola saprophilus CM-01 T (AB012647)
Marisediminicola antarctica ZS314 T (GQ496083)
Frondihabitans australicus E1HC-02 T (DQ525859) 
KNC
T from other genera in the family Microbacteriaceae are shown in Table 2 .
Phylogenetic analysis based on the 16S rRNA gene sequence revealed that strain KNC T was related to the type strain of A. psychrophila. However, phenotypic characteristics of strain KNC T differed from those of the genus Alpinimonas, especially growth characteristics (Table 1) , cellular fatty acid compositions, major menaquinones (MK-11 and MK-12 in strain KNC T versus MK-11 and MK-10 in A. psychrophila Cr8-25 T ), the diamino acid of the cell-wall peptidoglycan (lysine versus 2,4-diamonobutyric acid), and genomic G+C content (Table 2 ). These results demonstrate that strain KNC T should be assigned a new genus within the family Microbacteriaceae.
Based on the phenotypic and phylogenetic evidence, strain KNC T represents a novel species of a new genus in the family Microbacteriaceae, for which the name Aurantimicrobium minutum gen. nov., sp. nov. is proposed.
Description of Aurantimicrobium gen. nov.
Aurantimicrobium [Au.ran.ti.mi.cro9bi.um. N.L. adj. aurantus orange-coloured; N.L. neut. n. microbium (from Gr. adj. mikros small and Gr. n. bios life), a microbe; N.L. neut. n. Aurantimicrobium orange-coloured microbe].
Cells are Gram-stain-positive, aerobic, non-motile, short curved (selenoid) rods. The predominant cellular fatty acids are anteiso-C 15 : 0 , iso-C 16 : 0 , C 16 : 0 and anteiso-C 17 : 0 . The major menaquinones are MK-11 and MK-12. The major polar lipids are phosphatidylglycerol and two unknown glycolipids, while the minor polar lipids are diphosphatidylglycerol and two unknown glycolipids. The cell-wall peptidoglycan type is B-type, with lysine as the diagnostic diamino acid. The acyl type is acetyl. The DNA G+C content is approximately 52 mol%. Phylogenetically, the genus is a member of the family Microbacteriaceae.
The type species is Aurantimicrobium minutum.
Description of Aurantimicrobium minutum sp. nov.
Aurantimicrobium minutum (mi.nu9tum. L. neut. adj. minutum very small, minute).
The species has the following characteristics in addition to those that define the genus. Cells are 0.7-0.8|0.3 mm with a volume of 0.04-0.05 mm 3 . The smallest cells pass through 0.2 mm pore-size filters. Colonies are circular, lenticular, orange and v1.0 mm in diameter after 5 days on NSY agar at 25 uC. Growth occurs on NSY agar and R2A agar. On NSY agar, growth is observed at 15-37 uC (optimum 20-25 uC), but not at 10 uC or 40 uC, and is observed at pH 7-9, with weaker growth at pH 10. No growth occurs in the presence of w1 % NaCl. Grows on NSY medium aerobically but not anaerobically. Catalase-positive and oxidasenegative. Positive for p-nitrophenyl-b-D-galactopyranosidase (PNPG), and negative for nitrate reduction, indole production, arginine dihydrolase and urease activity, aesculin hydrolysis, gelatin liquefaction, and utilization of D-glucose, L-arabinose, D-mannose, D-mannitol, N-acetyl-D-glucosamine, D-maltose, potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid. Positive for activities of esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase and a-glucosidase, but negative result in tests for alkaline phosphatase, lipase (C14), cystine arylamidase, trypsin, chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, b-glucosidase, Nacetyl-b-glucosaminidase, a-mannosidase and a-fucosidase activities. The cell-wall amino acids are 3-hydroxyglutamic acid, aspartic acid, glutamic acid, glycine, alanine and lysine.
The type strain is KNC T (5NBRC 105389 T 5NCIMB 14875 T ), isolated from the 0.2 mm-filtrate of river water from western Japan. The DNA G+C content of the type strain is 52.1 mol%.
